The majority of hypertensive patients are defined as essential hypertension. Epidemiological studies and clinical trials have shown that excessive sodium intake, obesity, and lack of exercise can increase blood pressure. 1,2 Therefore, lifestyle intervention is important to modify the risks of high blood pressure. 3 However, several studies have reported that aging, impaired renal function, female sex, obesity, metabolic syndrome, and insulin resistance (IR) can increase the salt sensitivity of blood pressure. 4,5 Therefore, it is possible that the influence of dietary sodium intake on blood pressure varies between individuals. 4-7 Previous study has reported that the salt sensitivity of blood pressure differed between the sexes, and that women were more sensitive to dietary sodium intervention. 7 In the presence of IR, blood pressure responses to sodium intake increase through sodium retention and extracellular fluid volume expansion. 8 Obesity alone can augment renal sodium reabsorption. 9 The proportion of overweight and obese individuals is increasing throughout the world, including in Japan, 10 which has been linked to the increased salt sensitivity of blood pressure and the recent onset of hypertension in the general population. However, Japanese individuals consume higher amounts of salt (average intake 11.4 g/day in men and 9.8 g/ day in women) than individuals in Western countries. 11 On the other hand, a lower potassium intake is also a causative factor for high blood pressure. 1, 2, 12 To prevent high blood pressure, the World Health Organization (WHO) recommends a potassium intake of more than 90 mmol/day. 13 However, the average potassium consumption in Japan has been reported to range from 40 to 50 mmol/day. 1 These results strongly suggest that a lower-salt and higher-potassium intake is likely to become more important in reducing both the onset of hypertension and the morbidity due to high blood pressure in Japan. However, when considering BACKGROUND Considering sex differences, salt sensitivity, and insulin resistance (IR), the effect of sodium restriction and increased potassium intake on blood pressure remains unclear in normotensive Asian individuals, compared to that in hypertensive patients.
The majority of hypertensive patients are defined as essential hypertension. Epidemiological studies and clinical trials have shown that excessive sodium intake, obesity, and lack of exercise can increase blood pressure. 1, 2 Therefore, lifestyle intervention is important to modify the risks of high blood pressure. 3 However, several studies have reported that aging, impaired renal function, female sex, obesity, metabolic syndrome, and insulin resistance (IR) can increase the salt sensitivity of blood pressure. 4, 5 Therefore, it is possible that the influence of dietary sodium intake on blood pressure varies between individuals. [4] [5] [6] [7] Previous study has reported that the salt sensitivity of blood pressure differed between the sexes, and that women were more sensitive to dietary sodium intervention. 7 In the presence of IR, blood pressure responses to sodium intake increase through sodium retention and extracellular fluid volume expansion. 8 Obesity alone can augment renal sodium reabsorption. 9 The proportion of overweight and obese individuals is increasing throughout the world, including in Japan, 10 which has been linked to the increased salt sensitivity of blood pressure and the recent onset of hypertension in the general population. However, Japanese individuals consume higher amounts of salt (average intake 11.4 g/day in men and 9.8 g/ day in women) than individuals in Western countries. 11 On the other hand, a lower potassium intake is also a causative factor for high blood pressure. 1, 2, 12 To prevent high blood pressure, the World Health Organization (WHO) recommends a potassium intake of more than 90 mmol/day. 13 However, the average potassium consumption in Japan has been reported to range from 40 to 50 mmol/day. 1 These results strongly suggest that a lower-salt and higher-potassium intake is likely to become more important in reducing both the onset of hypertension and the morbidity due to high blood pressure in Japan. However, when considering sex differences, salt sensitivity, and IR, the effects of sodium restriction and increased potassium intake on blood pressure in normotensive Asian individuals are still unclear.
In the present study, we estimated the level of daily sodium and potassium intake, using second morning urine analysis, in normotensive drug-naïve Japanese individuals. To evaluate the association between sodium and potassium intake and blood pressure, and these differences between the sexes, or the involvement of factors associated with salt sensitivity and IR, we performed multivariate regression analyses and we characterized the ideal normotensive individual who would benefit from decreased sodium or increased potassium intake to prevent the development of high blood pressure.
METHODS
From April 2012 to March 2013, 4,612 individuals underwent a health checkup at Takamatsu Hospital. After excluding 1,010 individuals who were receiving treatment for hypertension, dyslipidemia, or diabetes mellitus (682, 519, and 237 individuals, respectively), 3,602 individuals remained. Individuals recording a systolic blood pressure measurement of 140 mm Hg and over, or a diastolic blood pressure measurement of 90 mm Hg and over, were further excluded. Finally, 3,392 drug-naïve eligible individuals were enrolled in this study.
The study protocol was approved by the ethical committee of Takamatsu Hospital and informed consent was obtained from all study participants.
Blood pressure was measured twice, in the sitting position following a minimum of 5 minutes rest, using an automatic sphygmomanometer (HBP-9020; OMRON Colin, Tokyo, Japan), and the average value was used for analysis. Smoking status (nonsmoker and ever smoker, or current smoker) and amount of alcohol consumption (0, ≤10, 10-20, 20-40, or ≥40g of alcohol per day) were evaluated. In women, menopause was defined as cessation of menses for more than 12 months.
It is known that estimated 24-hour urinary sodium and potassium excretion may serve as surrogate markers of daily sodium and potassium intake. 1, 2 We estimated the daily sodium and potassium intake using second morning urine analysis, 14 which has been reported as reliable way to estimate 24-hour urinary sodium and potassium excretion. 2, 15 The urinary sodium-to-potassium ratio was calculated as: estimated 24-hour urinary sodium excretion/estimated 24-hour urinary potassium excretion.
The homeostasis model assessment index for IR (HOMA-IR) and the estimated glomerular filtration rate was calculated as described. 16, 17 
Statistical analysis
Continuous variables are expressed as mean ± SD. Characteristics of subject were compared between men and women using the t-test for continuous variables and Fisher's exact test for categorical variables.
Multivariate regression analysis were used to analyze the association between estimated 24-hour sodium excretion, potassium excretion, urinary sodium-to-potassium ratio, and blood pressure using the following models: model 1, adjusted for age, body mass index (BMI), serum creatinine, smoking status, and amount of alcohol consumption; model 2, HOMA-IR was added to model 1; and model 3, potassium excretion was added to model 2. Interactions between sex and urinary sodium and potassium excretion, and urinary sodium-to-potassium ratio on blood pressure were analyzed using linear regression model with similar covariates.
Mean systolic and diastolic blood pressure adjusted for above-described covariates were calculated according to the quintile of urinary sodium excretion, urinary potassium excretion, and urinary sodium-to-potassium ratio. In the analysis of sodium excretion, potassium excretion was added as a covariate and vice versa. Direct pairwise comparisons of individual groups were conducted using Tukey's honestly significant difference test.
P values were considered significant at less than 0.05. All statistical analyses were performed using R (The R Foundation for Statistical Computing, Vienna, Austria).
RESULTS

Estimated daily sodium and potassium intake in normotensive drug-naïve Japanese individuals
The participants' characteristics according to sex are summarized in Table 1 . The mean age and BMI were 48.4 years old and 22.7 kg/m 2 , respectively. Mean systolic blood pressure was 116.4 mm Hg and mean diastolic blood pressure was 72.1 mm Hg. Mean fasting blood glucose, HbA1c, HOMA-IR, and estimated glomerular filtration rate were 98.8 mg/dl, 5.07 %, 1.49, and 77.6 ml/min/1.73 m 2 , respectively. The average of the estimated 24-hour urinary sodium excretion was 200.3 mmol/day (11.8 g/day of salt) in men and 176.1 mmol/day (10.4 g/day of salt) in women. On the other hand, the average of the estimated 24-hour urinary potassium excretion was 56.1 mmol/day in men and 49.8 mmol/ day in women. Therefore, the estimated daily sodium intake was about twice as high as the current recommendation, 18 whereas the potassium intake was lower than that recommended by WHO. 13 The distribution of the estimated urinary sodium and potassium excretion is shown in Figure 1 .
The association between the estimated 24-hour urinary sodium and potassium excretion with blood pressure
In both men and women, the estimated 24-hour urinary sodium excretion was positively associated with systolic blood pressure after adjusting for age, BMI, renal function, HOMA-IR, smoking status, and amount of alcohol consumption (Table 2) . Furthermore, the effect of urinary sodium excretion on systolic blood pressure was more influential in women than men. A 10-mmol/day increment of urinary sodium excretion was associated with an increase in systolic blood pressure of 0.16 mm Hg (95% confidence interval [CI] 0.08-0.24) in men and 0.37 mm Hg (95% CI 0.23-0.50) in women, after adjusting for covariates including urinary potassium excretion (Table 2 , model 3). On potassium excretion, an increase of estimated 24-hour urinary potassium excretion was inversely associated with systolic blood pressure after adjusting for estimated 24-hour urinary sodium excretion in both men and women. Its effect was more significant in women than men. An increment of 10-mmol/day was associated with a decrease in systolic blood pressure of −0.54 mm Hg (95% CI −0.91 to −0.16) in men and −1.49 mm Hg (95% CI −2.06 to −0.91) in women, after adjusting for covariates (Table 2 , model 3). Test for interaction revealed sex differences in the effect of urinary sodium and potassium excretion on systolic blood pressure (P < 0.001 and P = 0.001, respectively).
On diastolic blood pressure, the estimated 24-hour urinary sodium excretion was positively associated after adjusting for covariates including urinary potassium excretion in both men and women (Table 3 , model 3). However, the effect of urinary potassium excretion on diastolic blood pressure was observed in women but not in men (Table 3, model 3) .
On the other hand, the influence of HOMA-IR on both systolic and diastolic blood pressure was observed only in women after adjusting for 24-hour urinary sodium excretion, age, BMI, renal function, and 24-hour urinary potassium excretion (Tables 2 and 3 , Women's models 2 and 3).
A 1-unit increase of urinary sodium-to-potassium ratio was associated with a significant increase in systolic blood pressure of 0.85 mm Hg (95% CI 0.45-1.26) in men and 1.92 mm Hg (95% CI 1.32-2.51) in women, after adjusting with covariates (Table 4 ). This 1-unit increase was also associated with a significant increase in diastolic blood pressure of 0.48 mm Hg (95% CI 0.16-0.80) in men and 0.64 (95% CI 0.19-1.10) mm Hg in women. Furthermore, test for interaction revealed that the effect of the urinary sodiumto-potassium ratio on systolic blood pressure was larger in women than men (P = 0.002). The influence of HOMA-IR on blood pressure was observed only in women (Table 4 , women model 2).
To show the shape of relationship between sodium excretion, potassium excretion, and urinary sodium-topotassium ratio with blood pressure, we evaluated adjusted mean of systolic and diastolic blood pressure according to quintile of urinary sodium excretion, urinary potassium excretion, and urinary sodium-to-potassium ratio ( Figure 2 ). Positive association between sodium excretion and both of systolic and diastolic blood pressure (Figure 2A ), negative association between potassium excretion and systolic blood pressure ( Figure 2B , left), and positive association between urinary sodium-to-potassium ratio and both of systolic and diastolic blood pressure ( Figure 2C ) were observed across the quintiles. Directed pairwise comparisons of individual groups revealed significant differences of blood pressure between some groups. Analyses with all subjects were shown in Supplementary Figure 1 .
The association between estimated 24-hour sodium excretion and systolic blood pressure in women before and after menopause
To evaluate the implication of menopause in blood pressure in normotensive women, we separately analyzed the effect of urinary sodium excretion on blood pressure in premenopausal and postmenopausal groups (n = 437 and n = 225, respectively). To avoid climacteric influences, 45-to 54-year-old women were excluded. In both premenopausal and postmenopausal women, estimated 24-hour urinary sodium excretion was positively and 24-hour urinary potassium excretion was inversely associated with systolic blood pressure after adjusted for age, BMI, renal function, HOMA-IR, smoking status, and amount of alcohol consumption (Supplementary Table 1 ). Test for interaction revealed sex differences in the effect of urinary sodium and potassium excretion on systolic blood pressure in both of premenopausal (P = 0.011 and P = 0.045, respectively) and postmenopausal women (P = 0.010 and P = 0.001, respectively).
DISCUSSION
A recent meta-analysis of normotensive individuals demonstrated that a 10-mmol/day reduction of urinary sodium excretion decreased systolic blood pressure by 0.43 mm Hg after adjusting age and ethnic group, but Asian normotensive individuals were not included in this meta-analysis. 19 Mente et al. reported that the association of sodium intake with blood pressure was more pronounced in persons with hypertension and older persons in the analysis including Chinese. 2 However, it has been few reports which analyzed the sex bias in the effect of sodium and potassium intake on blood pressure in drug-naïve normotensive individuals. We demonstrated that the estimated 24-hour urinary sodium excretion was positively, and potassium excretion was negatively, associated with systolic and diastolic blood pressure, independent of known risk factors for salt sensitivity in normotensive drug-naïve Japanese. Of note, these effects were more pronounced in women than men. Our results support the validity of an increased potassium intake as well as dietary sodium restriction in preventing high blood pressure in normotensive individuals, especially women.
On potassium intake, a recently reported meta-analysis revealed that an increased potassium intake reduced blood pressure elevation in hypertensive patients and its largest effect was observed when patients consumed a quantity of potassium of between 90 and 120 mmol/day. 12 However, the beneficial effects of increased potassium intake on blood pressure in normotensive individuals remains unclear. Although the estimated daily potassium intake in our study was much Multivariate regression analyses; adjusted for age, BMI, serum creatinine level, smoking status, and amount of alcohol consumption (model 1). In model 2, HOMA-IR was added to model 1. In model 3, estimated 24-hour potassium excretion was added to model 2. In the analysis of all subjects (All), sex was also added as a covariate.
β-coefficients for sodium and potassium excretion represent the change in mm Hg of blood pressure associated with a 10 mmol/day change in excretion, whereas others are for a 1-unit increment. Abbreviations: BMI, body mass index; CI, confidence interval; Cre, serum creatinine level; HOMA-IR, homeostasis model assessment of insulin resistance; P, P value.
Table 3.
The association between estimated 24-hour sodium and potassium excretion with diastolic blood pressure in normotensive individuals 24-hour potassium excretion was added to model 2. In the analysis of all subjects (All), sex was also added as a covariate.
β-coefficients for sodium and potassium excretion represent the change in mm Hg of blood pressure associated with a 10 mmol/day change in excretion, whereas others are for a 1-unit increment. BMI, body mass index; CI, confidence interval; Cre, serum creatinine level; HOMA-IR, homeostasis model assessment of insulin resistance; P, P value.
Table 4.
The association between urinary sodium-to-potassium ratio and systolic blood pressure in normotensive individuals Multivariate regression analyses; adjusted for age, BMI, serum creatinine level, smoking status, and amount of alcohol consumption (model 1). In model 2, HOMA-IR was added to model 1. In the analysis of all subjects (All), sex was also added as a covariate. β-coefficients represent the change in mm Hg of blood pressure for a 1-unit increment. Abbreviations: BMI, body mass index; CI, confidence interval; Cre, serum creatinine level; HOMA-IR, homeostasis model assessment of insulin resistance; P, P value; Urine Na/K, estimated 24-hour sodium excretion/estimated 24-hour potassium excretion.
lower than recommended, 13 daily urinary potassium excretion was inversely associated with systolic blood pressure, accompanied with urinary sodium excretion in both men and women. Indeed, it has been reported that a reduction in the urinary sodium-to-potassium ratio was associated with lower blood pressure in hypertensive patients. 20, 21 However, it has not been demonstrated in normotensive individuals. We demonstrated that positive association between the estimated 24-hour urinary sodium-to-potassium ratio with blood pressure in normotensive subjects. Our results Figure 2 . Adjusted mean of systolic and diastolic blood pressure according to quintile of urinary sodium excretion, urinary potassium excretion, and urinary sodium-to-potassium ratio. Systolic and diastolic blood pressures were adjusted for age, BMI, serum creatinine level, HOMA-IR, smoking status, and amount of alcohol consumption. In the analysis of sodium excretion, potassium excretion was added as a covariate and vice versa. Error bars mean SE. Results of direct pairwise comparisons of individual groups using Tukey's HSD test are indicated as *P < 0.05 vs. Q1, † P < 0.05 vs. Q2, ‡ P < 0.05 vs. Q3. P value for trend is indicated as p for trend. Abbreviations: BMI, body mass index; HSD, honestly significant difference; HOMA-IR, homeostasis model assessment index for insulin resistance; Q, quintile. Figures below Q1, Q2, Q3, Q4, and Q5 represent the range of each quintile (mmol/day for urinary sodium and potassium excretion).
may be interpreted as follows: renal potassium handling is connected with sodium handling and a lower potassium diet enhances sodium reabsorption along the distal convolute tubule, via the upregulation of thiazide-sensitive sodium chloride cotransporter. 22 Our results suggest that an increased potassium intake accompanied with sodium restriction is important in preventing high blood pressure not only in hypertensive patients, but also in normotensive individuals, especially in women.
Although the factors that implicated in salt sensitivity of blood pressure were more remarkable in men compared to women (Table 1) , the associations between urinary sodium and potassium excretion with blood pressure were more evident in women than men irrespective of menopause. There are few reports which analyzed the differences in the effect of sodium intake on blood pressure between men and premenopausal women. Consistent with our present study, in a DASH-sodium trial with an average age of 47 years, a systolic blood pressure reduction with lower sodium intake occurred more in women than in men among individuals consuming a potassium rich DASH diet. 23 In a GenSalt study, a blood pressure reduction with a lower salt diet was more apparent in women (with an average age of 38 years) than in men (with an average age of 39 years) and the diastolic BP response to potassium-supplementation intervention was greater in women. 7 Therefore, we infer that irrespective of menopause, the beneficial effect of sodium restriction and potassium intake is more promising in normotensive women.
It has been reported that sex hormones, such as estrogens, progesterone, and androgens, are implicated in renal sodium handling and sympathetic nervous system activation, which results in differences of blood pressure regulation between men and women. 24, 25 Increased renal sodium reabsorption caused by estrogen 26 might be one of the causes of different sodium and potassium effect between men and premenopausal women. Furthermore, decreased secretion of female sex hormones and the relative excess of androgens have been suggested as associated with activation of the reninangiotensin system and the sympathetic nervous system in postmenopausal women, i.e., in an augmentation of salt sensitivity of blood pressure after menopause. 24, 25 Moreover, undefined mechanism, such as dissimilar effect of IR by sex, might exist. On the relationship between IR and blood pressure, a recent meta-analysis has revealed that hypertension often develops in individuals with an elevated fasting serum insulin concentration or higher HOMA-IR, with more pronounced effects in women. 27 Insulin enhances renal sodium reabsorption through its direct effect on renal tubules, or indirectly through stimulating the sympathetic nervous system or the renin-angiotensin-aldosterone system, all of them contribute to salt sensitivity of blood pressure. [28] [29] [30] However, the involvement of IR in normotensive individuals has not been well elucidated. In the present study, the influence of HOMA-IR on systolic and diastolic blood pressure was observed in normotensive women, but not in men. Involvement of IR in the blood pressure of women might arise from augmented salt sensitivity. Sex differences in the involvement of IR may also be responsible for the altered effect of daily sodium and potassium intake on blood pressure in drugnaïve normotensive individuals.
It has been reported that higher carbohydrate intake is associated with blood pressure elevation 31 and lower carbohydrate diet is associated with decreased serum insulin level or HOMA-IR. 32 Average carbohydrate consumption in Japan is about 60% of total energy intake, 33 which is higher than in North America/Europe (52.4%) but lower than that of China (67.0%). 31 Because increase in IR could facilitate tubular sodium resorption, the amount of carbohydrate consumption might affect the relationships between sodium intake and blood pressure. And carbohydrate intake of adult Japanese men and women in 2012 has been reported to be 332 g/day and 254 g/day (62.1% and 59.4% of total energy intake), respectively. 34 Considering that effects of sodium excretion and IR on blood pressure were more prominent in women than men, involvement of carbohydrate intake on blood pressure might differ between men and women. However, we could not clarify this issue because intake of macronutrients was not evaluated in the present study.
The strength of this study is that we analyzed a large number of normotensive drug-naïve subjects those with complete results of urinary sodium excretion, potassium excretion, and HOMA-IR according to sex. However, this study has several limitations. We did not evaluate plasma renin activity and aldosterone level, important regulators of urinary sodium and potassium excretion. We also did not evaluate macronutrients intake, which might interact the relationship between sodium intake and blood pressure. In the analysis of women, statistical power seemed to be insufficient to characterize differences in blood pressure regulation between premenopausal and postmenopausal women. And the present study was a cross-sectional study. Therefore, prospective studies including a large number of individuals from the general population will be necessary to clarify the effect of a higher-potassium diet accompanied with a lower-salt diet on blood pressure and IR in the future development of hypertension and their differing contributions according to sex.
In conclusion, in normotensive Japanese participants in our study, the estimated daily sodium and potassium intake was associated with blood pressure independent of known risk factors for salt sensitivity. Furthermore, irrespective of menopause, the effect of a lower-salt and higher-potassium diet and IR on blood pressure was more evident in women than in men. These results suggest the importance of sodium restriction and increased potassium intake, and of maintaining an appropriate balance to prevent blood pressure elevation even in drug-naïve normotensive individuals, especially in women.
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